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During leaf development, polarity formation is critical for leaf morphogenesis and functions. This
process is regulated by several components including two microRNAs, miR165 and 166, which neg-
atively regulate transcription factor genes PHABULOSA, PHAVOLUTA and REVOLUTA. Although
miR165 and 166 are known to be accumulated in the abaxial leaf domain, how this pattern is deter-
mined is largely unknown. Here we report that the MIR165a and 166a genes are predominantly
transcribed in the abaxial epidermis, and this transcript distribution pattern is controlled by two
types of cis-acting elements. Our results suggest a model for the polar accumulation of MIR165
and 166 transcripts.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The cellular structure in the adaxial (upper) domain of the angio-
sperm leaf favors light capture, whereas that in the abaxial (lower)
domain is specialized for gas exchange [1,2]. This elegant leaf struc-
ture beneﬁts plants by enabling high photosynthetic efﬁciency. Re-
cent studies on leaf morphogenesis have led to the identiﬁcation of
a complex regulatory network for establishment of the leaf adaxial–
abaxial polarity (for review, see [3–6]). Genes in the class III homeo-
domain-leucine zipper (HD-ZIP III) transcription factor family en-
code proteins containing a homeodomain, a leucine zipper motif
and a sterol/lipid-binding domain (START domain). Three members
in this family, namely PHABULOSA (PHB), PHAVOLUTA (PHV) and
REVOLUTA (REV), play key roles in promoting leaf adaxial fate
[2,7]. Plants with loss of function in all three genes produce only a
single abaxialized cotyledon distal to the hypocotyl [7]. The HD-
ZIP III genes are negatively regulated by two microRNAs, miR165
and miR166 [7,8]. Mature miR165 and 166 sequences differ by a
single nucleotide, and are almost perfectly complementary to thosechemical Societies. Published by E
eucine zipper; PHB, PHABUL-
ETRIC LEAVES1 and 2; RDR6,
leic acid; ATML1, Arabidopsis
R165/166, MICRORNA165 andof the START domain of HD-ZIP III transcripts. Indeed, miR165 and
166 efﬁciently cleave PHV mRNA at the START domain [8].
Two MIR165 (a and b) and seven MIR166 (a–g) genes have been
identiﬁed from the Arabidopsis genome [9,10]. These genes were
found to be dynamically expressed in different plant tissues and
may regulate multiple plant developmental processes [11]. During
leaf morphogenesis, miR165 and 166 are mainly accumulated in
the abaxial side of leaves [12,13]. However, the molecular basis
relating to the polar distribution of miR165 and 166 is unknown.
It was previously reported that among the MIR165/166 genes,
MIR165a andMIR166a are the most highly expressed ones in leaves
[14]. In this work, we show that these two genes are transcribed
predominantly in the abaxial leaf epidermis. In addition, we report
that two types of cis-acting elements control the abaxial epider-
mis-speciﬁc transcription of MIR165a and 166a, and propose that
several other MIR165/166 genes may share a common mechanism
with MIR165a and 166a for polar distribution of their mature
forms.
2. Materials and methods
2.1. Plant materials and growth conditions
as1-101, as2-101 and rdr6-3, which are in the Landsberg erecta
(Ler) genetic background, were generated as previously described
[15]. Seeds of zippy-1 (zip-1) (SALK_037458) were obtained fromlsevier B.V. All rights reserved.
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Plant growth was according to our previous conditions [16].
2.2. In situ hybridization
For detection of GUS transcripts, a 1033-bp GUS fragment was
ampliﬁed from GUS-containing plasmid pBI101.1 by PCR, using
primers 50 TTCATTGTTTGCCTCCCTGC 30 and 50 CAGAGTGTGATA
TCTACCGC 30, and subcloned into pBluescriptSK for probe prepara-
tion. Detection of miR165 and 166 was performed using the
complementary locked nucleic acid (LNA) modiﬁed DNA probes,
50-GgGGgATgAAgCCtGGtCCgA-30 and 50-GgGGaATgAAgCCtGGtCC-
gA-30, respectively, where the lowercase letters represent LNAs.
In situ hybridization using GUS or LNA miR165/166 probes was
performed as previously described [17].
2.3. Plasmid construction and plant transformation
The 50 upstream sequences of MIR165a and 166a were PCR
ampliﬁed from genomic DNA of wild-type Col-0. The primers
used for ampliﬁcation are shown in Supplementary Table S5.
The ampliﬁed sequences were ﬁrst inserted into pBluescriptSK
for sequencing veriﬁcation, and then subcloned into vector
pBI101.1 for plant transformation. For pATML1:pri-mir165a-GUS,
the putative pri-miR165a encoding region was PCR ampliﬁed
and was inserted into pAS99 [18], downstream of the Arabidopsis
thaliana MERISTEM LAYER 1 (ATML1) promoter. The constructed
fragment was then subcloned into pBI101.1 for plant transforma-
tion. All plasmids were introduced into the Agrobacterium strain
GV3101 and were transformed into wild-type Ler by the ﬂoral
dip method [19].
2.4. Real-time RT-PCR
Total RNA was extracted from leaves of ﬁve independent 20-
day-old transgenic plants. Primers for real-time PCR to detect
REV, PHB and PHV transcripts were previously described [15]. Prim-
ers 50-CGATTATCATGAGGGTTAAGC-30 and 50-GTGATCAGAGGCA-
ATAACATG-30 were used to detect pri-miR165a.3. Results
3.1. Abaxial epidermis-speciﬁc expression of p165a:GUS and
p166a:GUS
Because MIR165a and 166a are the most abundantly expressed
MIR165/166 genes in the leaf [14], we ﬁrst investigated the regula-
tory expression of these two genes by fusing a GUS reporter to their
promoter regions together with a region encoding part of the tran-
script sequence (Fig. 1E). Distribution of the GUS signals in leaves
of the p165a:GUS and p166a:GUS transgenic plants was then exam-
ined by in situ hybridization. It was reported that miR165/166 are
accumulated in the abaxial domain of embryos and young leaf pri-
mordia [12,13,17]. Our data using mir165/166 antisense LNA
probes were consistent with the previous reports, showing that
miR165/166 appeared in a gradient in the abaxial domain of em-
bryos (Fig. 1A) and young leaf primordia (Fig. 1B and C and Supple-
mentary Fig. S1). In contrast, the corresponding sense LNA probes
yielded no signal (Fig. 1D and Supplementary Fig. S1). Although
GUS signals were also found in abaxial leaf cells in p165a:GUS
and p166a:GUS plants, they were mainly limited to the protoderm
of torpedo-stage embryos (Fig. 1F and I) and the epidermis of
young leaves (Fig. 1G, H, J and K). In addition, GUS signals appeared
in parts of the L1 layer of the shoot apical meristem (Fig. 1K, arrow-
head), provasculature (Fig. 1I and J, arrowheads) and trichomes(Supplementary Fig. S2) in the p166a:GUS but not the p165a:GUS
plants.
To further characterize the abaxial epidermis-speciﬁc transcrip-
tion, p165a:GUS was introduced into as2-101 single and as2-101
rdr6-3 and as1-101 zip-1 double mutants by crosses. Leaves of
as2 and as1 are known to have similar and relatively weak abaxial-
ized defects [16], whereas as2 rdr6 and as1 zip could drastically en-
hance as2/as1 abnormalities, with abaxially featured cell patches
appearing on the adaxial side [15,20,21]. While GUS signals were
detected only in the abaxial epidermis in p165a:GUS/as2-101 leaves
(Fig. 1L), they were found in patches in the adaxial epidermis of
p165a:GUS/as2-101 rdr6-3 and p165a:GUS/as1-101 zip-1 leaves in
addition to their presence in the abaxial side (Fig. 1M and N, arrow-
heads). As a control, GUS sense probe did not yield hybridization
signals in the p165a:GUS/Ler (Fig. 1O) and p166a:GUS/Ler (data
not shown) transgenic plants. These results further conﬁrmed that
MIR165a and MIR166a transcription is associated with the abaxial
epidermal cells.
3.2. Identiﬁcation of a regulatory sequence required for the MIR165a
transcription pattern
We next performed a series of truncations of MIR165a up-
stream, using the p165a:GUS fusion, to identify cis-acting elements
required for the expression pattern (Fig. 2A). Our data showed that
50 truncations from nucleotides (nt) 2073 to 1321 did not affect
transcription pattern of p165a:GUS (Fig. 1E–H and Fig. 2A and B).
The shortened 30 ends from nt +123 to +40 also retained the GUS
signals in the abaxial epidermis (Fig. 2A and C–E). However, further
truncation from the 30 end to eliminate an additional 39 bases
(p165a:GUS-T5) resulted in GUS signals in the entire epidermal
layer (Fig. 2A, F, and G). Transgenic plants containing a more short-
ened 50 region in p165a:GUS-T6 produced very weak GUS signals,
but they still appeared in the entire epidermis (Fig. 2A and 2H).
GUS signals were barely detectable in the p165a:GUS-T7 plants,
which possessed a very short 50 region (Fig. 2A and I). These results
indicate that: (1) the upstream region from nt –949 to +1 contains
a cis-element(s), here referred to as type I cis-element(s), which
confers transcription of this gene potentially in the entire leaf epi-
dermal layer; and (2) the ﬁrst 39 bases of the pri-miR165a encod-
ing sequence contain a second type of cis-element, the type II
element, which represses MIR165a expression in the adaxial
epidermis.
3.3. Biological functions of the MIR165a type II-containing sequence
To conﬁrm that the type II element is within this 39-bp region
and to determine whether this element has an in planta function in
leaf polarity formation, p165a:pri-miR165a(D39)-GUS was con-
structed, which lacks the ﬁrst 39 bases in the pri-miR165a encod-
ing region. This truncated pri-miR165a, driven by a 2073-bp
upstream fragment of MIR165a (Fig. 3A), was introduced into
wild-type Ler plants. For controls, two additional fusions,
p165a:pri-miR165a-GUS and pATML1:pri-miR165a-GUS (Fig. 3A),
were also constructed, in which the 2073-bp upstream sequence
of MIR165a and a promoter from an L1-layer-speciﬁc gene ATML1
[18] drive the putative full-length 369-bp pri-miR165a sequence,
respectively (Fig. 3A).
While most transgenic plants appeared normal (Fig. 3C), as
compared with the wild-type plants (Fig. 3B), some plants with leaf
polarity defects were observed in all three transgenic populations
but the frequency differed markedly among them. According to
their phenotypic severity, these plants could be grouped into three
classes. Plants in class I had only one single radially symmetric cot-
yledon (Fig. 3D), mimicking rev phb phv triple mutant [7] and the
pPHB:miR165b transgenic plants [22]. The class II plants possessed
Fig. 1. In situ hybridization to analyze GUS distribution pattern of the p165a:GUS and p166a:GUS transgenic plants. (A–C) The miR165 antisense LNA probe detected miR165
in wild-type embryos (A) and leaf primordia (B, C). (D) The miR165 LNA sense probe detected no signal. (E) Diagram of the p165a:GUS and p166a:GUS structures. ‘‘+1”
indicates the transcript start, and red line in p166a:GUS shows the sequence corresponding to part of pre-miR166a. (F–K) The GUS antisense probe detected GUS signals in the
abaxial protoderm of embryos and the epidermis of leaf primordia in the p165a:GUS (F–H) and p166a:GUS (I–K) transgenic plants. Arrowheads indicate GUS signals in the L1
layer of the shoot apical meristem (K) and provasculature (I, J) in the p166a:GUS plants. (L–N) GUS signals in leaf primordia of as2-101 (L), as2-101 rdr6-3 (M) and as1-101 zip-1
(N) mutants that contain p165a:GUS. Arrowheads in (M, N) indicate the ectopic GUS signals. (O) A sense GUS probe detected no signal in p165a:GUS/Ler transgenic plants.
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two classes of plants were arrested at the cotyledon and seedling
stages, respectively, and were observed in all p165a:pri-miR165-
a(D39)-GUS (Fig. 3D and E), pATML1:pri-miR165a-GUS (Supplemen-
tary Fig. S3) and p165a:pri-miR165a-GUS (data not shown)
transgenic populations. Strikingly, the p165a:pri-miR165a(D39)-
GUS and pATML1:pri-miR165a-GUS populations contained a much
greater numbers of classes I and II plants than those in the
p165a:pri-miR165a-GUS population (Fig. 3G). The class III plants
had relatively weak phenotypes, which were only found in the
p165a:pri-miR165a(D39)-GUS and pATML1:pri-miR165a-GUS plants
(Fig. 3G and Supplementary Fig. S3). Notably, these plants show
GUS transcription in the entire epidermal layer (Fig. 2F and Supple-
mentary Fig. S3). At the seedling stage, these plants produced nar-
row cotyledons with upcurled margins (Fig. 3F), whereas they
could further develop till their maturities. Compared with leaves
of wild-type plants (Fig. 3H), leaves of class II (Fig. 3I) and classIII (Fig. 3J) plants showed rippled surfaces with upcurled margins.
In addition, the class III plants occasionally also produced radially
symmetric rosette leaves (Fig. 3O).
Leaf surfaces of the class III plants were further analyzed by
scanning electron microscopy. The adaxial epidermis of wild-type
leaves was characterized by an undulating surface composed of
uniformly sized pavement cells (Fig. 3K), while smaller pavement
cells interspersed with some long and narrow cells were noted in
the abaxial epidermis (Fig. 3L, arrowheads). In leaves of the classes
II (data not shown) and III plants, although the abaxial surface ap-
peared normal (data not shown), their adaxial surfaces comprised
a mosaic of both adaxial and abaxial epidermal cells (Fig. 3M and
N, arrowheads). In addition, the radially symmetric leaves seemed
to be covered with incompletely differentiated cells (Fig. 3O). The
narrowed cotyledons, the abaxialized epidermal patches on the
adaxial leaf surfaces and the occasionally appeared radially sym-
metric leaves all mimic the as2 rdr6 and as1 zip leaf abnormalities
Fig. 2. Analysis of the p165a:GUS upstream sequence to identify cis-acting elements. (A) Illustration summary of truncation constructs and their expression patterns. Arrows
above each construct indicate the transcription start site of MIR165a. Relative levels of GUS signals are denoted as follows: +++, strong; +, weak; , not detected. ab, abaxial
epidermis; ad, adaxial epidermis; N, total numbers of transgenic plants analyzed, which showed the similar gene transcription pattern. (B–I) In situ hybridization to show
GUS signals in transgenic plants carrying p165a:GUS-T2 (B), p165a:GUS-T3 (C), p165a:GUS-T4 (D, E), p165a:GUS-T5 (F, G), p165a:GUS-T6 (H), and p165a:GUS-T7 (I).
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adaxial side but also increased in levels in both as2 rdr6/as1 zip
[21] and the class III p165a:pri-miR165a(D39)-GUS plants (Supple-
mentary Fig. S4). To investigate whether the altered miR165 pat-
tern affected transcription of the HD-ZIP III genes, PHB, PHV and
REV transcript levels in leaves of the p165a:pri-miR165a(D39)-
GUS class III plants were analyzed. Our data showed that the
PHB, PHV and REV transcript levels were indeed decreased in these
plants, accompanied with dramatically increased pri-miR165a
content (Fig. 4).
3.4. The type II element represses MIR165a/166a transcription in the
adaxial epidermis
To identify the type II element, we performed more detailed
mutation analyses, and two separate consensus sequences in sev-
eral MIR165/MIR166 members were found in the ﬁrst 39 nucleo-
tides of the pri-miR165a encoding sequence (Fig. 5A). The ﬁrst
consensus contains CTCATYHT (Y = C or T; and H = A, C or T) in
MIR165a, b, MIR166a, b, e, f and g (Fig. 5A), while the second has
CATCATCACCA, which is only found inMIR165a and b, andMIR166a
and b. Our data showed that mutations in the ﬁrst consensus
[p165a(M1):GUS and p165a(M2):GUS] led to GUS signals in the en-
tire leaf epidermis (Fig. 5B and D). However, mutation in the sec-ond consensus [p165a(M3):GUS] or further downstream
sequences [p165a(M4):GUS] resulted in MIR165a transcription
either only in the abaxial epidermis or in the abaxial epidermis
but with a few ectopic patches of weak signals in the adaxial epi-
dermis (Fig. 5B and E, arrowheads). We also analyzed the putative
type II region in theMIR166a gene by removing sequences contain-
ing the MIR165a-equivalent 39-base sequence (Fig. 5C), and found
that the pattern of signals is also altered from the abaxial to the en-
tire epidermis (Fig. 5F). These results suggest that the consensus
CTCATYHT is the major contributor for repression of MIR165a in
the adaxial epidermis.4. Discussion
It was previously reported that the expression patterns of indi-
vidual MIR165/166 genes are highly diverse in different plants tis-
sues [11]. However, it is unclear whether in different cell types in
the leaf primordium the individual MIR165/166 genes are also
dynamically expressed, because in situ hybridization using
miR165/166 LNA probes can only detect mixed miR165/166 sig-
nals in the abaxial leaf domain. In this study, we analyzed two
most abundantly expressed MIR165/166 genes and propose that
two types of cis-elements in the upstream region of MIR165a and
Fig. 3. Ectopic expression ofMIR165a in the adaxial epidermis results in leaf polarity defects. (A) Diagram of constructs p165a:pri-miR165a-GUS, p165a:pri-miR165a(D39)-GUS
and pATML1:pri-miR165a-GUS. (B) A wild-type seedling. (C–F) Transgenic plants were classiﬁed into distinct categories: normal (C), class I (D), class II (E), and class III plants
(F). (G) Frequencies of polarity-defective plants in each transgenic population. Numbers in brackets indicate total independent transgenic plants analyzed. (H–J) The ﬁrst four
rosette leaves from a wild-type (H), a class II (I) and a class III (J) plant. (K, L) Scanning electron microscopy to show adaxial (K) and abaxial (L) leaf surfaces of wild-type Ler.
(M) Adaxial leaf surface of a class III plant. (N) Close-up of the boxed region in (M), showing that abaxially featured cells appeared on the adaxial side. (O) Epidermal cells on a
pin-like leaf from a class III plant. All phenotypically abnormal plants in this ﬁgure were from the p165a:pri-miR165a(D39)-GUS transgenic population. Bars = 0.2 cm in (B–F),
and (H) to (J); 50 lm in (K, L, N, O); and 300 lm in (M).
Fig. 4. Real-time RT-PCR analyses of REV, PHB, PHV and pri-miR165a transcript
levels. Quantiﬁcations of each cDNA sample were made from the class III p165a:pri-
miR165a(D39)-GUS plants in triplicate, and the consistent results from three
separately prepared RNA samples were used. Results were normalized to that of
ACTIN. Bars indicate S.E.
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type I element(s), these two miRNA genes are able to transcribe
in the epidermis of leaf; and because of the action of the type II ele-
ment, the miR165/166 transcripts are limited only in the abaxial
leaf domain. Our data also provide evidence that the regulation oc-
curred at the transcriptional level, consistent with a previous pro-
posal that the miR166 accumulation pattern results from
transcriptional regulation [23].
Action of the type I element(s) inMIR165a/166amay be a funda-
mental and perhaps more ancient mechanism. The mechanism by
which miR165/166 negatively regulate HD-ZIP III genes is esti-
mated to have existed for more than 400 million years, arising in
a common ancestor of bryophytes and seed plants [24]. Leaves of
some bryophyte species comprise only one layer of cells, and
therefore functioning of the type II element seems unnecessary
in these species.
MIR165/166 genes exhibit highly diverse transcription patterns
in different plant tissues. Among sevenMIR165/166 genes that con-
tain the type II element, transcription initiation sites have been
determined only in three of them, MIR165a, 166a and 166b [25],
and the type II element is located in different parts of the upstream
region in these three genes. This element positioned in the tran-
Fig. 5. Identiﬁcation of type II cis-element. (A) Alignment of theMIR165/166 upstream sequences that harbor a putative type II cis-element. Asterisks indicate the determined
transcription initiation site. Numbers in the brackets indicate the nucleotide distance between the type II element and the mature miR165/166 encoding sequence. (B, C)
Mutation or deletion analyses of the MIR165a (B) and MIR166a (C) genes. The substituted nucleotides in (B) are highlighted. (D) p165a(M1):GUS and p165a(M2):GUS plants
exhibited an expression pattern in the entire leaf epidermis. Shown is a p165a(M1):GUS plant. (E) Eight and seven independent transgenic plants harboring p165a(M3):GUS
and p165a(M4):GUS, respectively, were analyzed. Five of eight p165a(M3):GUS and six of seven p165a(M4):GUS plants showed GUS signals only in the abaxial epidermis
(images not shown). Three and one other p165a(M3):GUS plants and p165a(M4):GUS plants showed a few ectopic patches of GUS signals in the adaxial epidermis in addition
to their presence in the abaxial epidermis (E). Shown is a p165a(M3):GUS plant. (F) GUS signals were found in the entire leaf epidermis in p166a:GUS-T8 plants. ab, abaxial
epidermis; ad, adaxial epidermis, and wad, very weak GUS signals in the adaxial epidermis. Numbers in brackets in (B, C) indicate independent transgenic lines that had the
consistent expression pattern.
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genes, this element is located in the promoter region (MIR166a)
or a region containing both promoter and miRNA transcript encod-
ing sequences (MIR166b). These type II element localization data
support an idea that transcription of the MIR165a and 166a genes
in the abaxial epidermis is not the result of post-transcriptional
regulation. We propose that if other type II element-containing
MIR165/166 genes could be transcribed in the leaf primordium,
they may share a common mechanism for the abaxial distribution
of their mature forms. The type II element did not seem to function
under the control of ATML1 promoter, as GUS signals in the pAT-
ML1:pri-miR165a-GUS plants were accumulated in the L1 layer of
leaf primordia. It is possible that cis-elements in the ATML1 pro-
moter dominates expression pattern of the construct. Alterna-
tively, the identiﬁed type II element in the 39-bp fragment is
necessary but may be not sufﬁcient in repression of MIR165a tran-
scription in the adaxial side.
Our data showed that p165a:pri-miR165a(D39)-GUS and pAT-
ML1:pri-miR165a-GUS transformation both resulted in all three
classes of abnormal plants, whereas p165a:pri-miR165a-GUS trans-
formation only caused the classes I and II plants. We propose a
model to explain these transformation results. Transcription of
MIR165a, when it is away from its originally strictly controlled lo-cus, is easily affected by its new contexts, either up- or down-reg-
ulated. Therefore, in extremely upregulating cases, although pri-
miR165a is transcribed in the abaxial side, the highly increased le-
vel of the miR165 gradient is expanded towards the adaxial do-
main. However, in moderately upregulating cases, only the
p165a:pri-miR165a(D39)-GUS and pATML1:pri-miR165a-GUS, but
not the p165a:pri-miR165a-GUS plants, could have chances to accu-
mulate certain miR165 levels in the adaxial domain, and thus re-
sult in relatively weak defects in the leaf adaxial domain.
In angiosperms, leaves have evolved multiple cell layers, for
which differentiation must be more sophisticatedly programmed,
and the adaxial–abaxial polarity formation is essential for the cor-
rect development of leaf structure. Because of the importance of
the type II element, it should be of interest in the future to identify
components that are able to interact with the element, and several
putative transcription factors that specify the leaf adaxial identity
might be good candidates.
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